We used CHILI, the Chicago Instrument for Laser Ionization, a new resonance ionization mass spectrometer developed for isotopic analysis of small samples, to analyze strontium, zirconium, and barium isotopes in 22 presolar silicon carbide grains. Twenty of the grains showed detectable strontium and barium, but none of the grains had enough zirconium to be detected with CHILI. Nine grains were excluded from further consideration since they showed very little signals (<1000 counts) for strontium as well as for barium. Among the 11 remaining grains, we found three X grains. The discovery of three supernova grains among only 22 grains was fortuitous, because only $1% of presolar silicon carbide grains are type X, but was confirmed by silicon isotopic measurements of grain residues with NanoSIMS. While one of the X grains showed strontium and barium isotope patterns expected for supernova grains, the two other supernova grains have 87 Sr/ 86 Sr < 0.5, values never observed in any natural sample before. From their silicon isotope ratios, the latter two grains can be classified as X2 grains, while the former grain belongs to the more common X1 group. The differences of these grains in strontium and barium isotopic composition constrain their individual formation conditions in Type II supernovae.
INTRODUCTION
Primitive meteorites and interplanetary dust particles contain small quantities of isotopically anomalous refractory dust grains that are older than our Solar System and commonly called ''presolar grains" (Davis, 2011; Zinner, 2014) . They condensed in the winds of evolved stars and in the ejecta of stellar explosions, i.e., they represent a sam- ple of stardust that can be analyzed in the laboratory. Presolar minerals identified to date include, e.g., diamond, silicon carbide (SiC), graphite, silicon nitride (Si 3 N 4 ), oxides, and various types of silicates. Silicon carbide is the best characterized presolar mineral. Based on the isotopic compositions of carbon, nitrogen, and silicon, it is divided into distinct populations, namely, mainstream (the majority of SiC grains) and the minor subtypes AB, C, X, Y, Z, and nova grains. Mainstream, Y, and Z grains are from lowmass asymptotic giant branch (AGB) stars with aboutsolar (mainstream grains) and subsolar (Y and Z grains) metallicities. C and X grains are believed to come from Type II supernovae. The origin of AB grains is still a matter of debate; among the proposed stellar sources are J-type carbon stars (Lambert et al., 1986) , born-again AGB stars (Asplund et al., 1999) , and Type II supernovae .
CHILI, the Chicago Instrument for Laser Ionization is a new resonance ionization mass spectrometry (RIMS) instrument developed for elemental and isotopic analysis of small samples, such as dust returned to Earth by spacecraft and presolar grains from meteorites, at high spatial resolution and high sensitivity (Stephan et al., 2016) . CHILI is especially suited for the analysis of trace element isotopic compositions in presolar grains. We used CHILI to measure the isotopic compositions of strontium, zirconium, and barium in 22 presolar SiC grains. These elements are particularly important for understanding s-process nucleosynthesis in AGB stars (Lugaro et al., 2003) because of their sensitivity to branching between neutron capture and b-decay. These elements are also particularly important since they have isotopes with magic neutron numbers, which makes them sensitive to the total neutron exposure. Strontium, zirconium, and barium have been measured before in presolar SiC with RIMS (Nicolussi et al., 1997 (Nicolussi et al., , 1998 Savina et al., 2003a; Barzyk et al., 2007; Liu et al., 2014 Liu et al., , 2015 using the CHARISMA instrument (Ma et al., 1995; Savina et al., 2003b) at Argonne National Laboratory.
Among the 22 SiC grains analyzed in the present study, three grains turned out to be X grains, as was confirmed by subsequent silicon isotopic analyses performed with the CAMECA NanoSIMS 50 at Washington University in St. Louis. Only a few X grains had been analyzed by RIMS for strontium, zirconium, and barium isotopes before, and those measurements suffered from relatively large uncertainties (Pellin et al., 1999 (Pellin et al., , 2000 (Pellin et al., , 2006 Davis et al., 2002) . X grains are typically attributed to an origin in Type II supernovae (Amari et al., 1992; Davis, 2011; Zinner, 2014) . According to a study by Hoppe et al. (1994) , in which 720 SiC grains ranging in size from 1 to 10 mm, including 181 KJG grains, were analyzed, only $1% of presolar SiC grains from the KJG size fraction from the Murchison meteorite, which was analyzed in the present study, should be X grains. Smaller size fractions contain up to 2% X grains (Hoppe et al., 2010) . Assuming an X grain abundance of 1-2% among presolar SiC grains, the probability for finding three X grains out of 22 grains analyzed was calculated, using the binomial distribution, to be (1.3 À 8.4) Â 10 À3 .
The new data obtained with CHILI and discussed here provide new insights into the nucleosynthetic processes preceding grain formation. We compare our results to models of supernova nucleosynthesis with a full nuclear network (Rauscher et al., 2002) . Such models have been successfully used before to explain X grain properties, at least qualitatively, by involving extensive multizone mixing (Yoshida and Hashimoto, 2004; Yoshida, 2007) , but have failed to quantitatively explain all observed X grain isotope systems so far (Lin et al., 2010; Hoppe et al., 2010 Hoppe et al., , 2012 Davis, 2011; Zinner, 2014) . Pignatari et al. (2013 Pignatari et al. ( , 2015 recently presented new supernova models, in which a carbon-and silicon-rich zone at the bottom of the helium-burning shell could be the site for SiC grain formation without involving selective, large-scale mixing. In these one-dimensional models, the maximum temperature at the bottom of the heliumburning shell has a large impact on the isotopic signatures of such grains. Multidimensional models (Nomoto et al., 2013; Mü ller, 2016) taking into account the asymmetry of core-collapse supernovae (Grefenstette et al., 2014) should provide a more realistic picture in order to explain the wide range of isotopic compositions observed in supernova grains (Hoppe et al., 2018) . The data presented here add new constraints to existing and to future models of supernova nucleosynthesis.
EXPERIMENTAL

Samples
Presolar SiC grains that had been extracted from the Murchison CM2 meteorite more than 20 years ago were analyzed in this study. The grains are from the KJG sample, which refers to the 1.5-3 mm size fraction of the KJ SiC separate . In contrast to recent work on Murchison SiC grains (Levine et al., 2009; Liu et al., 2014 Liu et al., , 2015 Trappitsch et al., 2018) , the samples in this study were not additionally treated with concentrated acids to remove contamination from parent-body or terrestrial material. The grains were mounted on a high-purity gold foil by depositing them from a suspension and pressing them into the gold with a sapphire window. Prior to RIMS analysis, energy-dispersive X-ray spectroscopy (EDS) images of the mount were acquired by scanning electron microscopy (SEM) to locate the SiC grains. From these images, 22 silicon-rich grains were randomly selected for analysis with CHILI.
RIMS measurements
A detailed description of the CHILI instrument and the analytical procedures has been given by Stephan et al. (2016) . Here, we only provide a short summary of the analytical procedures, especially those specific to these measurements. The SiC grains were located using CHILI's integrated scanning electron microscope. The samples were ablated by a 351 nm wavelength laser beam from a frequency-tripled Nd:YLF desorption laser, focused to $1 mm with a Schwarzschild-type optical microscope, and rastered over an area of about 10 Â 10 mm 2 . The beam intensity was controlled in order to keep desorption rates at a level such that significant dead time effects of the detector were avoided. CHILI has six Ti:sapphire lasers, which are pumped by three 40 W Nd:YLF lasers with 527 nm wavelength, allowing typically to resonantly ionize two or three elements simultaneously. In the present study, light from the six Ti:sapphire lasers, tuned individually to specific wavelengths, was first combined with a three-prism beam combiner, then sent through the cloud of neutrals generated by the desorption laser, and bounced back through the cloud onto itself. The Ti:sapphire lasers were tuned for resonance ionization of strontium (k 1 = 460.862 nm, k 2 = 405.214 nm; Liu et al., 2015) , zirconium (k 1 = 296.172 nm, k 2 = 442.533 nm; Barzyk et al., 2007) , and barium (k 1 = 307.247 nm, k 2 = 883.472 nm; Savina et al., 2003b) . Photoions were then separated according to their mass-to-charge ratio in a reflectron-type time-of-flight mass spectrometer and detected with a microchannel plate detector. Data were corrected for dead time effects using Poisson statistics as described by Stephan et al. (1994) .
RIMS standards
Isotopic standards used in this study are NIST SRM 855a with 180 ppm Sr, NIST SRM 1264a with 690 ppm Zr, zirconium metal, and terrestrial BaTiO 3 , all of which were assumed to be of average terrestrial isotopic composition (Meija et al., 2016) . This is a reasonable assumption at precisions of a few ‰ or more.
Instrumental isotopic fractionation was determined to be smaller than the statistical error of typically a few tens of ‰ for all isotopes but 91 Zr (Stephan et al., 2016) . The RIMS sensitivity for 91 Zr was enhanced by $200‰ due to an odd-even effect (Fairbank et al., 1989; Wunderlich et al., 1992) , which had been observed for zirconium before (Nicolussi et al., 1997) .
NanoSIMS
Subsequent to RIMS analysis with CHILI, residues of all 22 grains were analyzed with the CAMECA NanoSIMS 50 (Stadermann et al., 1999; Hoppe et al., 2013) at Washington University in St. Louis in order to identify different SiC grain types (Davis, 2011; Zinner, 2014 Si À were measured simultaneously. Fine-grained synthetic SiC was used as a standard. Since most of the grain material had been already consumed during analysis with CHILI, limited material was left for NanoSIMS analysis. Therefore, analytical errors of the latter measurements, which include both counting statistics and reproducibility of the standards, were larger than usual.
RESULTS
Zirconium was not detected in any of the grains analyzed in this study. Two of the grains also showed no detectable strontium or barium. Nine grains, although showing detectable strontium and barium, only yielded 
Isotope ratios are reported as d-values, giving the deviation from terrestrial isotope ratios (Meija et al., 2016) <1000 ion counts for each of those two elements. Their results were regarded as being insignificant and therefore excluded from further consideration. Table 1 shows isotopic data for the 11 presolar SiC grains for which at least 1000 strontium or barium ions were detected with CHILI. As discussed by Stephan et al. (2016) , we would have expected to find zirconium in 30-50% of the grains, since trace element analyses by SIMS and synchrotron X-ray fluorescence suggest that $50% of SiC grains are enriched in Zr/Si by more than a factor of two compared to CI meteorites (Amari et al., 1995; Kashiv et al., 2010) . The nondetection of zirconium in our grains was seen as an indication that the resonance ionization scheme used for zirconium was less effective than expected. Recent technical improvements of the mass spectrometer, a slightly modified ionization scheme for zirconium, and the replacement of some mirrors, which had insufficient reflectance at lower wavelengths, important for the first step (296.172 nm) in the zirconium scheme, finally led to the first detection of zirconium in presolar silicon carbide grains with CHILI (Stephan et al., 2017) .
Carbon
Carbon isotopic analysis with the NanoSIMS was impeded by the fact that the grains had been almost entirely consumed during RIMS analysis. While all 22 grains had sufficient silicon in the residue associated with the laser desorption pit to perform an isotopic analysis, carbon was found all over the sample mount. NanoSIMS analyses showed 12 C/ 13 C ratios close to the terrestrial value-a clear indication for contamination-for all but one grain residue (grain residue #22 showed a 12 C/ 13 C ratio of 45.4 ± 1.4; all errors in this work are given as 2r). Furthermore, subsequent SEM-EDS analyses yielded C/Si elemental ratios of 2-30, while an untouched SiC grain on the same sample mount showed the expected ratio close to unity. We therefore base our grain classification solely on silicon data, which appear to be uncompromised.
Silicon
From silicon isotopic ratios, eight of the 11 grains were classified as mainstream grains; three grains showed strong enrichments in 28 Si and were classified as X grains ( Table 1 ). The remaining 11 grains that had no or little detectable strontium and barium are also, from their silicon isotopes, consistent with a classification as mainstream grains, but will not be discussed any further here. Based on silicon isotopes alone, some ambiguity remains with regard to the grains classified as mainstream. In addition, the relatively large uncertainties in the silicon isotopic measurements of grain residues after RIMS analysis precluded more accurate classification. While we expect that most grains are indeed It should be noted here that X grains are overrepresented in the PGD, since it includes data of studies specifically addressing X grains and therefore not reporting data for mainstream grains that had been found together with the X grains. A narrow band of X grains in the silicon threeisotope plot ( Fig. 1) defines the X1 gains. The 3-5% of grains above this band are classified as X0 grains. Depending on the exact definition, 24-28% of the grains plot below the X1 band in Fig. 1 and are classified as X2 grains. The two X2 grains in this study are very close to each other in all measured isotope systems (Table 1 ). However, from their different location on the sample mount (more than 1 mm apart) and a $1.5 Â difference in strontium-tobarium signal ratio, we conclude that the two grains are not fragments of a larger grain that broke apart during separation.
Strontium
Strontium isotope data for eight grains are compared with literature data on mainstream grains (Liu et al., 2015) in Fig (Liu et al., 2015) . Error bars are 2r resulting from counting statistics.
#23), strontium data show large statistical errors, and 84 Sr was not unambiguously detected (Table 1) . Therefore, these grains are not shown in Fig. 2 . All mainstream grains analyzed in the present study show a range of strontium isotope ratios similar to the previous studies and are consistent with formation in low-mass AGB stars (Liu et al., 2015) . However, there seems to be a tendency to plot closer to normal than the Liu et al. (2015) data; residual contamination from parent-body or terrestrial material could be responsible for such a trend. Grains that plot closer to normal also show larger error bars due to the fact that less strontium was found in these grains, which also makes them more susceptible to contamination. Sr ratios of 0.44 ± 0.15 for grain #6 and 0.41 ± 0.04 for grain #15, respectively, are, to our knowledge, the lowest 87 Sr/ 86 Sr ratios ever reported for any natural material. For comparison, the 87 Sr/ 86 Sr ratio of the Solar System when it formed 4.56 Ga ago was $0.699 (Papanastassiou and Wasserburg, 1969) . When compared to data given in Table 1 or Fig. 2 , the early Solar System value is equivalent to d 87 Sr = À16‰, since we normalized all data in this work to modern terrestrial abundances according to Meija et al. (2016) . The increase of 87 Sr by 16‰ in the Earth over the last 4.56 Ga is due to the decay of 87 Rb with a half-life of 49 Ga.
Barium
Barium isotope data for 10 grains are compared with literature data on mainstream grains (Liu et al., 2014 (Liu et al., , 2015 in Fig. 3 . As for strontium, all mainstream grains show a similar range in barium isotopes as observed in previous studies and are consistent with formation in low-mass AGB stars. Again, some grains show isotope ratios closer to normal than expected, which can be attributed to residual contamination with parent-body or terrestrial material. Clear evidence for barium contamination of SiC grains has been observed before (Marhas et al., 2007) . Liu et al. (2014) (Liu et al., 2014 (Liu et al., , 2015 . Error bars are 2r resulting from counting statistics.
detectable 130 Ba and 132 Ba, statistical errors are too large (Table 1) to draw any conclusions. Liu et al. (2014 Liu et al. ( , 2015 found these isotopes to be heavily depleted (relative to Solar System abundances) in mainstream grains. 
DISCUSSION
Since the SiC grains investigated in this study were not additionally treated with concentrated acids, unlike those analyzed by Liu et al. (2014 Liu et al. ( , 2015 , it is no surprise that some of the samples in the present study have isotope ratios shifted towards isotopically normal strontium and barium, probably due to contamination with parent-body or terrestrial material. For the following discussion, we rigorously excluded mainstream grains (all except #13 and #18) that show indications of contaminations either in strontium or barium. To lower statistical uncertainties, isotope ratios for mainstream grains were calculated from the added signal intensities of the mass spectra for the two leastcontaminated mainstream grains. We will, however, in the following focus mostly on X grains, the differences between X1 and X2, and how they differ from mainstream grains. A more elaborate discussion on mainstream grains based on a much larger data base was given by Liu et al. (2014 Liu et al. ( , 2015 .
Since all of the X grains also show very low 84 Ba can be considered as a sufficient criterion. In any case, as always with presolar grains, dilution with isotopically normal material has to be considered. We added the mass spectra from grains #6 and #15 and refer to them as X2 grain data. This may seem arbitrary but is justified since all measured isotope data for these grains overlap within 2r of each other (Table 1) . Results for mainstream, X1, and X2 grains are summarized in Fig. 4 .
For a proper discussion of the results, we need to take a closer look at the chart of nuclides, of which two partial sections, krypton to zirconium and xenon to cerium, respectively, are shown in Fig. 5 Ba, respectively, showed different behavior for different grain types. To lower statistical uncertainties, the mass spectra from two mainstream grains that showed no hint of contamination were added as were the spectra of the two X2 grains. Error bars are 2r resulting from counting statistics and, for silicon, from reproducibility of the standards.
f n = k n /(k n + k b ) of some relevant nuclides as a function of neutron density for various temperatures are shown in Fig. 6 . Especially, decay rates for 134 Cs and 135 Cs increase drastically with increasing temperature. In high-temperature stellar environments, faster decaying, thermally populated excited states increase the decay rate of nuclides like, e.g., 134 Cs (Takahashi and Yokoi, 1987 For each stable or long-lived nuclide, the isotopic abundance 4.56 Ga ago, when the Solar System formed, is given according to Lodders et al. (2009) . The half-lives at room temperature are given for unstable nuclides (Audi et al., 2012) , with numbers in italics indicating strong temperature dependence (more than a factor of two variation in half-life at temperatures between 5 Â 10 7 and 5 Â 10 8 K) according to Takahashi and Yokoi (1987) . Branching factors f n = k n /(k n + k b ) as a function of neutron density N n and temperature for various nuclides. We used the temperature-dependent b-decay rates reported by Takahashi and Yokoi (1987) and adapted neutron capture cross sections from KADoNiS v1.0 (Dillmann et al., 2014) .
b-decay can drastically increase the decay rates in the ionized stellar plasma (Takahashi and Yokoi, 1987; Käppeler et al., 1989 ).
The following Sections 4.1 and 4.2 discuss nucleosynthesis of strontium and barium in our grains, neutron capture pathways, branchings, and their dependence on temperature and neutron density, as well as element fractionation during condensation. Section 4.3, eventually, uses the Rauscher et al. (2002) Type II supernova models to discuss possible mixing scenarios that would generate the observed isotope ratios for the three X grains analyzed.
Strontium
The branch point at 85 Kr (Fig. 5) Fig. 6 ), whereas neutron capture for the metastable state is negligible (Raut et al., 2013) . At temperatures >3 Â 10 8 K, possible thermalization of the isomer could reduce the effective half-life of 85g Kr (Takahashi and Yokoi, 1987; Raut et al., 2013 ). At typical s-process conditions in AGB stars, however, thermalization of 85 Kr does not occur (Ward, 1977; Cosner et al., 1980) , and the production ratio 85m Kr/ 85g Kr from 84 Kr(n, c) 85 Kr is close to unity (Beer, 1991) . This explains why 85 Kr behaves differently from all other nuclides shown in Fig. 6 . Even at high neutron densities, the branching factor f n only reaches a maximum of 54%, since 84 Kr(n, c) (Fig. 5) . The decay of 87 Rb has been ignored in these considerations. With its half-life of $49 Ga, it can be treated as stable here, although at temperatures >5 Â 10 8 K, the half-life drops below 10 5 a (Takahashi and Yokoi, 1987) . But even at such temperatures, decay of 87 Rb would still play a very minor role at neutron densities >10 7 cm À3 (cf. Fig. 6 ). Furthermore, the refractory element strontium and the volatile element rubidium should be highly fractionated during SiC grain condensation (Lugaro et al., 2003; Liu et al., 2015) , leaving the grain relatively depleted in rubidium. Therefore, any contribution of decaying rubidium to strontium isotopes after grain formation is negligible.
The s-process in low-mass AGB stars, the sources of the mainstream grains, occurs in thermal pulses in the helium intershell, the region between the helium-burning and hydrogen-burning shells, when neutrons are released by 13 C(a, n)
16 O and 22 Ne(a, n)
25
Mg. The first reaction occurs at a temperature of 9 Â 10 7 K and produces a neutron density of about 10 7 cm À3 over a relatively long time of about 10 4 a; the second reaction takes place at a temperature of 3 Â 10 8 K, lasts only a few years, but with a high peak neutron density of about 10 10 cm À3 (Busso et al., 1999; Lugaro et al., 2003; Straniero et al., 2006; Cristallo et al., 2009 ). The s-process is following the main path (Fig. 5) with branching factors f n for the two neutron sources of about 5% and 53%, respectively, at 85 Kr and 0.2% and 63%, respectively, at 86 Rb (Fig. 6) (Lugaro et al., 2003) .
In order to explain the strontium isotopes in X grains, the so-called weak s-process (e.g., The et al., 2007; Pignatari et al., 2010) , which takes place in massive stars prior to supernova explosion has to be considered. Here, neutrons are provided by the 22 Ne(a, n) 25 Mg reaction at the end of core helium burning and in the subsequent convective carbon-burning shell. Mean neutron densities of about 10 5 -10 6 cm À3 and peak densities of up to 3 Â 10 7 cm À3 at the end of the core helium burning, as suggested by The et al. (2007) and Pignatari et al. (2010) , would not lead to significant branching at 85 Kr or 86 Rb (Fig. 6 ) at typical temperatures of >2.8 Â 10 8 K (Frischknecht et al., 2016) . During shell carbon burning, however, temperatures of about 10 9 K and neutron densities >10 10 cm À3 were suggested at the bottom of the convective shell with a final neutron burst of up to 5 Â 10 12 cm À3 at temperatures of 1.4 Â 10 9 K Pignatari et al., 2010 (Fig. 4) , however, can only be explained if nucleosynthesis also followed in part the main s-process path producing some 86 Sr (Fig. 5) . While the peculiarities of the 85 Kr branch point, as discussed above, would lead to 46%
85 Rb even at high neutron densities, the branch point at 86 Rb would bypass 86 Sr entirely. However, neutron capture nucleosynthesis is localized at the bottom of the convection zone, which has characteristic convective turnover timescales of hours (Pignatari et al., 2010 , duration 1 s) as suggested by Meyer et al. (2000) in order to explain molybdenum isotopic signatures in X grains reported by Pellin et al. (1999 Pellin et al. ( , 2000 following a model by Howard et al. (1992) . Although this would naturally explain 88 Sr enrichment, it would also predict most 87 Sr and even more 86 Sr being destroyed by the neutron burst (Howard et al., 1992) , contrary to our observation for the X1 grain in the present study. Some 88 Sr in the X1 grain could also have formed in an r-process, but this would also not explain the low 87 Sr/ 86 Sr ratio since both isotopes would be bypassed. The p-process nuclide 84 Sr is depleted. Therefore, r-and p-process as well as a supernova neutron burst can be excluded from playing a significant role in strontium production in the X1 grain analyzed here.
Nucleosynthesis for the X2 grains must have followed a path similar to the main s-process path (Fig. 5) . The neutron density in the region where the X2 grains formed must have been low enough that the 85g Kr(n, c)
86
Kr reaction played no substantial role in order to explain the low 88 Sr/ 86 Sr ratio (Fig. 4) . A possible scenario to explain the strontium isotopes in X2 grains is core helium burning during the weak s-process as described above. As for the X1 grain, the low 87 Sr/ 86 Sr ratio compared to the mainstream grains (Fig. 4) puts some time constraints on the duration of the nucleosynthetic processes for the X2 grains. Significant decay of 87 Rb must have occurred after convection removed material from the helium-burning core leading to enriched 86 Sr without producing any substantial 87 Sr. All neutron capture pathways in Fig. 5 bypass 84 Sr, which is actually destroyed in the s-process, explaining the depletion in the isotope compared to the other strontium isotopes in all types of presolar grains shown in Fig. 4. 
Barium
Barium production is heavily influenced by a branch point at 134 Cs (Fig. 5) . The decay rate of 134 Cs shows a strong temperature-dependence (Takahashi and Yokoi, 1987) . While at temperatures up to 5 Â 10 7 K the half-life is $2 a, it drops to $21 h at 5 Â 10 8 K (Takahashi and Yokoi, 1987) . However, since the neutron capture cross section for 134 Cs is rather high (724 mb; Fig. 5 ), high neutron densities could still lead to significant 135 Cs production (alternative path in Fig. 5 ). Cesium-135 has a decay rate that is also strongly temperature-dependent. While at temperatures up to 5 Â 10 7 K, the half-life is $2 Ma, it drops to $4 a at 5 Â 10 8 K (Takahashi and Yokoi, 1987) . However, this is still long enough on the s-process timescale that almost all of the 135 Cs produced from 134 Cs will capture a neutron (Fig. 6) 138 Ba, which is another bottleneck in the s-process due to its very small neutron capture cross section.
Barium and cesium condensation behaves similar to the strontium-rubidium pair during SiC grain formation. Refractory barium should condense into grains, in agreement with high barium abundances in presolar SiC grains (Amari et al., 1995) , whereas volatile cesium should not condense. Consequently, any contribution to barium from decaying cesium after grain formation should be negligible (Lugaro et al., 2003; Liu et al., 2014) .
The measured barium isotope ratios (Fig. 4) for the three grain types (mainstream, X1, and X2) can be explained analogously to the considerations for strontium isotopes: The s-process in low-mass AGB stars, where the mainstream grains formed, in the helium intershell is following the main s-process path (Fig. 5) with branching factors f n for the 13 C and 22 Ne neutron sources of 0.02% and 11%, respectively, at 133 Xe, 6% and 46%, respectively, at 134 Cs, and about 100% for both neutron sources at 135 Cs (Fig. 6) (Lugaro et al., 2003) .
High neutron densities during shell carbon burning in massive stars prior to the supernova explosion lead to the 137 Ba and 138 Ba enrichments and the 134 Ba depletion observed in the X1 grain. Both the r-and p-processes could have played a minor role as well. Indeed, both p-process nuclides 130 Ba and 132 Ba might be slightly enriched in the X1 grain, but the large statistical errors do not allow any firm conclusions to be drawn here. A supernova neutron burst as suggested by Howard et al. (1992) and Meyer et al. (2000) would explain the 138 Ba enrichment but would also predict an almost total destruction of 134 Ba (Howard et al., 1992) , which is not observed for our X1 grain. The s-and r-process nuclide 138 Ba is strongly enriched compared to the barium isotopes that are only formed by the s-process (Fig. 5) . Barium-137, which is also an s-and rprocess nuclide, is less enriched than 138 Ba. This can be explained by the $30 a half-life of 137 Cs, leading to a somewhat delayed production of 137 Ba after the grain had condensed. This might also be the reason why there is no enrichment of 135 Ba, another s-and r-process nuclide, in the X1 grain. The long half-life of 135 Cs (2.3 Ma) means that 135 Ba would be produced long after the grain has condensed without cesium in it.
As for strontium, barium production for the X2 grains must have followed the main s-process path (Fig. 5) , probably during core helium burning. An elevated temperature increased the decay rate of 134 Cs according to Takahashi and Yokoi (1987) . This and the relatively low neutron density ensured that 134 Cs(n, c) 135 Cs played no substantial role. Consequently, 134 Ba is enriched in X2 grains. The fact that X2 grains have an elevated 134 Ba/ 135 Ba ratio compared to the mainstream grains (Fig. 4) again puts some time constraints on the duration of the nucleosynthetic processes. As with 87 Rb, significant decay of 134 Cs ($2 a half-life, or shorter at higher temperatures) must have occurred after convection removed material from the helium-burning core, thus stopping the s-process path at 134 Ba and not leading to 135 Ba.
Supernova mixing models
To evaluate if present supernova models can explain our observations, we used models from Rauscher et al. (2002) for Type II supernovae for stars with 15, 19, 20, 21, and 25 M ☉ initial mass and included calculations taking into account element fractionation during grain condensation. The models from Rauscher et al. (2002) give the postsupernova zonal composition 25,000 s after the core bounce. Core bounce with the formation of a shock wave describes the onset of a Type II supernova explosion, when, after the collapse of the inner core, nuclear densities ($10 14 g/cm 3 ) are reached causing the implosion to halt and infalling material to bounce back (Janka et al., 2007) . Twentyfive thousand seconds after the core bounce, a significant number of radioactive nuclides, which subsequently decayed to their stable products, were still present. However, if grain condensation occurred prior to the decay of a given nuclide, fractionation between parent and daughter element would have taken place. Since rubidium and cesium are much more volatile than the refractory elements strontium and barium, we assumed that only the latter two were incorporated into SiC during grain condensation. Thus, radioactive rubidium and cesium atoms as well as noble gas (krypton and xenon) atoms that ultimately decayed into strontium or barium did not contribute to the strontium and barium inventories of the grains today. On the other hand, radioactive atoms from refractory elements yttrium, zirconium, lanthanum, and cerium that ultimately decayed to strontium or barium were probably incorporated into the condensing grains. However, their contribution is minor due to the low abundance of the relevant nuclides.
The results of such calculations, assuming grain condensation 1 a after the Rauscher et al. (2002) model, are shown in Fig. 7 . For carbon and oxygen, the elemental mass fractions in the gas for the various supernova ejecta zones in an object with 15 M ☉ are given at the time of grain condensation. For silicon, strontium, and barium, the mass fractions of the various isotopes 4.567 Ga later are shown, assuming that all elements that are not expected to condense into SiC grains were removed 1 a after the initial model. The time chosen, 4.567 Ga, is the age of the Solar System and should be regarded as the minimum age of the presolar grains. At this time, all relevant radioactive nuclides that had condensed into the grain have decayed long ago.
In order to explain isotopic signatures of X grains as well as a carbon-to-oxygen ratio above one, the condition for SiC condensation under equilibrium conditions (Larimer and Bartholomay, 1979; Lodders and Fegley, 1997) , deep and inhomogeneous mixing is necessary (Zinner, 2014) . According to Zinner (2014) , material from the inner Ni, Si/S, and O/Si zones, which experienced silicon burning and an a-rich freeze-out from nuclear statistical equilibrium (Ni zone), oxygen burning (Si/S zone), and neon and partial oxygen burning (O/Si zone), had to mix with material from the outer He/C and He/N zones, which experienced incomplete helium burning (He/C zone) and hydrogen burning (He/N zone). We therefore tried to find a best match for the observed X1 and X2 isotopic signatures by mixing different zones from the model and varying the time of condensation.
For the observed X1 signature, it is not possible to come up with a reasonable mixing model that would explain the silicon, strontium, and barium isotopes and also yield C/ O > 1 by mixing entire zones. A best match with the observed isotope ratios is obtained by mixing material from Si/S, O/Si, and O/Ne zones with the He/N zone (X1a model, Table 2 ). However, such a complex mixture, involving that many zones in arbitrary proportions not only seems very unlikely but also would yield a C/O ratio of 0.016, which is impossible to reconcile with SiC condensation. A higher C/O ratio of 0.32 is obtained by adding material from the outer part of the O/C zone (X1b model, Table 2 ). Dividing the O/C zone into two distinct regions (O/C I and O/C II ) seems reasonable with respect to the high variability observed for strontium and barium isotopes in that zone (Fig. 7) . However, the proposed mix is even more complex, and the C/O ratio remains <1. Finally, a C/O ratio of 2.7 is obtained by including material from the very bottom of the He/C zone (X1c model, Table 2 ). The mixing would be as complex as in the X1b model, and for both X1b and X1c models, it seems unreasonable to invoke material from almost all zones in arbitrary proportions but specifically excluding inner parts of the O/C zone and outer parts of the He/C zone. Although the X1c model seems to deliver the best overall match with the observational data and also yields C/O > 1, it does not reproduce the definitive feature of X1 grains, a d 29 Si/d 30 Si ratio of 2/3 (Fig. 1) .
Carbon isotope data would be helpful to distinguish between the three X1 models, but as mentioned before, such data are not available for the grain in this study. However, the X1b and X1c models return 12 C/ 13 C ratios higher than solar, which is more typical for X grains (Zinner, 2014) than the low ratio suggested by the X1a model (Table 2) , although the high 12 C/ 13 C ratio of model X1c is at the upper end of observed 12 C/ 13 C ratios in X grains. If we, for the time being, ignore that grain formation under the conditions discussed above seems impossible, it is still interesting to take a look at the influence of the conjectured condensation time on isotope ratios. The isotope abundances that are most susceptible to the actual condensation time are those for 86 Sr, 134 Ba, and 137 Ba, which are affected by the decay of 86 Rb, 134 Cs, and 137 Cs, respectively (cf. Fig. 5 ). These nuclides are present in significant quantities right after the core bounce, especially in the O/Ne zone according to the model by Rauscher et al. (2002) , and this zone contributed significantly to the strontium and barium inventory of the X1 grain (Table 2) . Dust condensation in the ejecta of SN1987A was observed about 1.4 a ($500 days; Wooden, 1997) after the explosion, which is in the range of the half-lives of these nuclides. A time scale for grain condensation in supernova ejecta of about 1 a was also inferred by evidence for incorporation of live 49 V (330 d half-life) in X grains (Hoppe and Besmehn, 2002) . Fig. 8 shows the influence of the condensation time on the various isotope ratios. Especially d( 137 Ba/ 136 Ba) is strongly dependent on the condensation time, and a perfect match with the X1 grain data was achieved for the X1a, X1b, and X1c models by assuming condensation times after the core bounce of 22 a, 17 a, and 12 a, respectively. If condensation of SiC would not fractionate cesium and barium or if condensation occurred much later, after 137 Cs has completely decayed, 137 Ba and 138 Ba should be equally enriched relative to 136 Ba. A perfect match for the observed 138 Ba/ 137 Ba ratio would be obtained by assuming condensation times of 3.6 a, 10.1 a, and 9.6 a in the X1a, X1b, and X1c models, respectively. The X1c model also provides a perfect match for the 87 Sr/ 86 Sr and 134 Ba/ 136 Ba ratios. We note that these condensation time scales are larger than those observed in supernova ejecta and inferred from incorporation of 49 V in X grains.
The condensation times calculated from these models, however, should be taken with a grain of salt. Rauscher et al. (2002) . The various zones are labeled according to their most abundant element(s) following the nomenclature of Meyer et al. (1995) . The O/C and He/C zones are each subdivided into two separate regions (I and II) as indicated by the vertical dashed lines. The carbon and oxygen abundances are given at the assumed time of grain condensation, one year after the core bounce. After this time, only refractory elements are allowed to contribute to the isotopic abundances shown via radioactive decay.
condensation times for some isotopes can have a large impact on their relative abundances, rather than providing a definite answer on the actual condensation time of our X1 grain. It should be noted that these isotope ratios are not always monotonic functions of condensation time. (Rauscher et al., 2002) would deliver a better match with our X1 grain data. However, these models seem to be even less suited than the 15 M ☉ supernova model to reproduce the observational data. The pre-explosion zonal composition models also provided by Rauscher et al. (2002) did not match our X1 grain data at all.
For the X2 grains, finding a mixing model that would reproduce the observed isotopic signature is much more straightforward. An almost perfect match is achieved by assuming a mixture of a small amount from the Si/S zone with material from the He/C and He/N zones (Table 2) . This is more plausible than the multizone mixing in the various X1 models. In addition, the X2 model suggests a C/O ration of 8.1 at time of condensation for the grains, which seems to be a favorable condition for SiC grain condensation.
Confining the time of condensation for the X2 grains, however, is less stringent. Ba ratios depend much less on the condensation time in the X2 model than in the X1 models, and any time >0.036 a (>13 d) after the core bounce would be consistent with the measured data (Fig. 8) . The best match with the observational data was achieved by assuming condensation 0.19 a after the core bounce. However, since, according to the model by Rauscher et al. (2002) , only very little 86 Rb, 134 Cs, and 137 Cs is present right after the core bounce in the He/C and He/N zones, the source of strontium and barium in the X2 grains (Table 2) , no significant conclusions can be drawn from this data about condensation times of the X2 grains. Table 2 Comparison between X grain data and Type II supernova model calculations according to Rauscher et al. (2002 Besides the 15 M ☉ supernova model, the 19, 20, 21, and 25 M ☉ supernova models (Rauscher et al., 2002) matched our X2 grain data almost equally well, but the best match was still achieved with the 15 M ☉ supernova model. The pre-explosion zonal composition models (Rauscher et al., 2002) matched our X2 grain data also quite well, which is no surprise since the supernova explosion has little effect on strontium and barium isotopes in the He/C and He/ Ne zones, where, according to our model, >99.8% of the material of the X2 grains comes from.
Multizone mixing models had some success in qualitatively reproducing isotope signatures of X grains before (Yoshida and Hashimoto, 2004; Yoshida, 2007) , but often failed in quantitatively explaining all isotope ratios involved (Lin et al., 2010; Hoppe et al., 2010 Hoppe et al., , 2012 Davis, 2011; Zinner, 2014) , especially for X1 grains (Lin et al., 2010) . One of the major difficulties in reproducing X grain signatures is the C/O > 1 requirement. It has been suggested that condensation of carbonaceous phases in Type II supernova ejecta could be possible even at C/O < 1 Deneault et al., 2003 Deneault et al., , 2006 . However, Ebel and Grossman (2001) showed that SiC should not condense under such conditions, and Lin et al. (2010) argued that the isotopic ratios in X grains would not agree with that scenario. When comparing the X grain data for the elements analyzed in this study with the models, C/O > 1 was easy to achieve for the X2 grains only.
New supernova models by Pignatari et al. (2013 Pignatari et al. ( , 2015 ) suggest a carbon-and silicon-rich C/Si zone at the bottom of the helium-burning shell as a site for SiC grain formation without involving selective, large-scale mixing. However, since strontium and barium data from these models have, to our knowledge, not been published yet, we were not able to evaluate if they would fit better our grain data. It is worth mentioning that even by using the models by Rauscher et al. (2002) , the best fit for our X1 grain (X1c model) involves major contributions from the bottom of the He/C zone (named He/C I region in Fig. 7 and Ba) values on the assumed condensation times for the three discussed X1 models and the X2 model. The vertical line in each plot shows the condensation time assumed for the respective model to get the best fit (Table 2) . which coincides with the C/Si zone discussed by Pignatari et al. (2013 Pignatari et al. ( , 2015 .
Furthermore, our discussion in Sections 4.1 and 4.2 suggests that X1 grains should contain material from zones that have been influenced by shell carbon burning, while X2 grains should not. Our mixing models invoking material from the O/Ne zone, which has seen carbon burning for the X1 grains, and no such material for the X2 grains at least qualitatively confirms these predictions.
CONCLUSIONS AND OUTLOOK
We found three X grains among 22 randomly selected presolar SiC grains. After Lin et al. (2002) first introduced the X1 and X2 subtypes and later added X0 (Lin et al., 2010) , our observations now show what might be the most pronounced differences between X1 and X2 in strontium and barium isotopes. While the X1 grain is strongly enriched in 88 Sr and 138 Ba, the two X2 grains are enriched in 86 Sr and 134 Ba. The strontium and barium isotopic signatures suggest that these elements in mainstream grains have been formed by the s-process in low-mass AGB stars, occurring in thermal pulses in the helium intershell. Strontium and barium isotopes in X grains can be explained by the weak sprocess, which takes place in massive stars prior to supernova explosion. The X2 signature can be explained by neutrons provided by the 22 Ne(a, n) 25 Mg reaction at the end of core helium burning, whereas the X1 signature requires subsequent carbon burning in a convective shell.
Supernova models by Rauscher et al. (2002) can in part explain the observed isotope patterns, but, especially for the case of X1, require implausible mixing of many zones within the supernova, excluding some of the zones in between the extremes. The silicon isotope pattern of the X1 grain could not be reproduced in models that had C/ O > 1. However, the general trend seems to be that in order to explain the X1 signature, more material, compared to X2 grains, from the inner (Si/S, O/Si, and O/Ne) zones must mix in a complex way with material from zones (O/C, He/C, and He/N) further out. The X2 grains, on the other hand, are well explained by a mixing model, which only requires a tiny amount of material from the Si/S zone to mix with material from He/C and He/N zones, which is much more plausible than the complex mixing required to match the X1 data.
Strontium and barium isotopes can in principle deliver information on condensation times of SiC grains after a supernova explosion. While our data suggest that the X1 grain condensed $10 a after the supernova, the X2 grains might have condensed within less than a year after the explosion. However, we note that the condensation time scale of $10 a inferred for X1 grains is high compared to what was reported in other studies. Clearly, for a better time constraint, more measurements and more precise supernova models are required.
It should be emphasized that the discussion in this work is solely based on data from three supernova grains. This is by far not enough to draw final conclusions about the nature of X1 and X2 grains in general. Obviously, more data is required. Modern RIMS instruments such as CHILI can measure two or three elements simultaneously (Stephan et al., 2016) , and many elements in subsequent analysis sessions. Elements like strontium and barium, but probably also other elements suited for RIMS analysis such as zirconium and molybdenum, are valuable in that they provide strong constraints on neutron exposure conditions and condensation timing of SiC grains in Type II supernovae. In parallel, more precise supernova models like, e.g., those by Pignatari et al. (2013 Pignatari et al. ( , 2015 are also needed to keep up with analytical improvements.
